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ABSTRACT Thegutmicrobiotaenhancesthehost’smetaboliccapacityforprocessingnutrientsanddrugsandmodulatetheactiv-
itiesofmultiplepathwaysinavarietyoforgansystems.Wehaveprobedthesystemicmetabolicadaptationtogutcolonization
for20daysfollowingexposureofaxenicmice(n35)toatypicalenvironmentalmicrobialbackgroundusinghigh-resolution
1Hnuclearmagneticresonance(NMR)spectroscopytoanalyzeurine,plasma,liver,kidney,andcolon(5timepoints)metabolic
proﬁles.Acquisitionofthegutmicrobiotawasassociatedwithrapidincreaseinbodyweight(4%)overtheﬁrst5daysofcoloni-
zationwithparallelchangesinmultiplepathwaysinallcompartmentsanalyzed.Thecolonizationprocessstimulatedglycogene-
sisintheliverpriortotriggeringincreasesinhepatictriglyceridesynthesis.Thesechangeswereassociatedwithmodiﬁcationsof
hepaticCyp8b1expressionandthesubsequentalterationofbileacidmetabolites,includingtaurocholateandtauromuricholate,
whichareessentialregulatorsoflipidabsorption.Expressionandactivityofmajordrug-metabolizingenzymes(Cyp3a11and
Cyp2c29)werealsosigniﬁcantlystimulated.Remarkably,statisticalmodelingoftheinteractionsbetweenhepaticmetabolicpro-
ﬁlesandmicrobialcompositionanalyzedby16SrRNAgenepyrosequencingrevealedstrongassociationsofthe Coriobacteri-
aceaefamilywithboththehepatictriglyceride,glucose,andglycogenlevelsandthemetabolismofxenobiotics.Thesedatadem-
onstratetheimportanceofmicrobialactivityinmetabolicphenotypedevelopment,indicatingthatmicrobiotamanipulationisa
usefultoolforbeneﬁciallymodulatingxenobioticmetabolismandpharmacokineticsinpersonalizedhealthcare.
IMPORTANCE Gutbacteriahavebeenassociatedwithvariousessentialbiologicalfunctionsinhumanssuchasenergyharvestand
regulationofbloodpressure.Furthermore,gutmicrobialcolonizationoccursafterbirthinparallelwithothercriticalprocesses
suchasimmuneandcognitivedevelopment.Thus,itisessentialtounderstandthebidirectionalinteractionbetweenthehost
metabolism and its symbionts. Here, we describe the ﬁrst evidence of an in vivo association between a family of bacteria and he-
paticlipidmetabolism.Theseresultsprovidenewinsightsintothefundamentalmechanismsthatregulatehost-gutmicrobiota
interactionsandarethusofwideinteresttomicrobiological,nutrition,metabolic,systemsbiology,andpharmaceuticalresearch
communities.Thisworkwillalsocontributetodevelopingnovelstrategiesinthealterationofhost-gutmicrobiotarelationships
whichcaninturnbeneﬁciallymodulatethehostmetabolism.
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T
hegutmicrobiota(GM)exhibitsarelativelylowlevelofdiversity
compared to those of most soil ecosystems and in humans it is
comprisedofusuallynomorethanninephylaofmicroorganisms,of
whichonlytwoaredominant:theFirmicutesandtheBacteroidetes(1,
2). This is the result of strong selection pressures inherent in such a
speciﬁc environment where well-adapted microbes beneﬁt from a
regular source of carbon through the digestion of complex carbohy-
drates, while providing available nutrients to the host as well as po-
tential protection against opportunistic pathogens. This symbiosis is
the result of a long coevolution and implies that the host adapts its
metabolism to the presence of microbial symbionts.
The issue of modulation of host metabolism, physiology, and
homeostasisinducedbycolonizationofgermfree(GF)animalsby
microorganismswasraisedassoonasgermfreeanimalsweregen-
erated (3). Schaedler and coworkers demonstrated in the mid-
1960s that the dilated cecum characteristic of germfree mice
tended to be reduced back to normal as soon as colonization by
microbiotabegan,inparticularwhenanimalswereincontactwith
bacteria of the Bacteroidetes group (4). This study also demon-
strated that colonization of a germfree gut was rapid and remark-
ably stable, establishing within only a week after ﬁrst exposure.
However, a study conducted on germfree rats by Nicholls et al.
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“normalization”oftheurinarymetabolicphenotype(5),suggest-
ing that beyond the direct effect of microbiota on gut epithelium,
other metabolic effects occurred during colonization of adult
germfree animals, even when the microbiota was supposed to be
established.
In this context, we characterized in a previous study the meta-
bolicphenotypesofgermfreeandconventionalC3Hmicetoserve
as a basis for the following studies on the same germfree mouse
model. We demonstrated that the microbiota status affects the
systemic metabolism of the host, modulating the metabolic ﬁn-
gerprintoftopographicallyremoteorganssuchastheliverandthe
kidney (6). Here, we explore the adaptive mechanisms of gut col-
onizationbymicrobiotausingasimilarsystemsbiologyapproach
in the same mouse strain. In addition to the nuclear magnetic
resonance (NMR)-based metabolic proﬁling of the animals, as
performed in the previous work, we also monitored here the gut
microbialestablishmentby16SrRNAgenepyrosequencinginor-
der to review the composition of the microbial ecosystem simul-
taneously with the modiﬁcations of the host metabolism induced
by the colonization process. In particular, we focused our atten-
tion on the evolution of liver metabolism, where important mod-
iﬁcations of energy metabolism in conjunction with changes in
the expression level of cytochrome P450 (CYP) involved in bile
acid and drug detoxiﬁcation pathways were observed in response
tothecolonizationprocess.Wealsohighlightastrongcorrelation
betweenmicrobialfamilies,suchastheCoriobacteriaceae(includ-
ing the genus Eggerthella), and both the hepatic concentrations of
glucose, glycogen, and triglycerides and the activity of Cyp3a11,
one of the most active cytochromes in drug metabolism in the
mouse.
RESULTS AND DISCUSSION
Gut colonization induces a rapid weight gain associated with
stimulation of hepatic glycogenesis and triglyceride synthesis.
This study aimed to improve the understanding of the links be-
tween GM and the mechanisms of metabolic adaptation of the
host to the presence of its symbiont. In order to understand the
impact of a progressive GM acquisition on the host metabolism,
8-week-oldfemalegermfree(GF)C3H/Orlmicewereexposedfor
20 days to the same environment as were their conventionally
raised littermates (Conv-R) (n  35 per group) and body weight
was monitored every 5 days. The conventionalization process in-
duced a dramatic increase in total body weight in newly conven-
tionalized (ex-GF) animals in 2 stages (Fig. 1A). Ex-GF animals
rapidly acquired 52% of the total weight gain over the ﬁrst 5 days
of colonization (4% of total body weight), followed by a phase of
slower weight gain over the further 15 days of observation.
In order to monitor the link between the physiological re-
sponse to gut colonization (weight gain) and the systemic modi-
ﬁcations of the host metabolism, we constructed several orthogo-
nal projection to latent structure (O-PLS) models (7) derived
fromtheNMR-basedmetabolicproﬁlesofvariousbiologicalma-
trices, as described in Materials and Methods. For example, the
O-PLS regression model of hepatic metabolic proﬁles (1H NMR
spectra)againsttimeandmeanbodyweight(usedasYpredictors)
for both groups is displayed in Fig. 1B. This clearly shows that the
2 phases of weight gain were mirrored at the hepatic metabolic
level. Similar effects were also observed in other biological matri-
ces (i.e., kidney, colon, and plasma) as indicated by the O-PLS
scores reﬂecting the systemic metabolic response to weight and
time in Fig. S1 in the supplemental material.
In order to understand which metabolic changes were charac-
teristic of these 2 phases, pairwise comparison models were used
foreachgroupbetweenGF/ex-GFandConv-Rmiceatday0(D0),
D5, and D20 and within each group between D0 and D5 (phase 1)
and between D5 and D20 (phase 2) (Fig. S2). As expected, phase 1
was metabolically characterized in urine by the appearance of gut
microbial cometabolites (phenylacetylglycine [PAG] and
m-hydroxyphenylpropionicacid[m-HPPA]sulfate)andincolon
by an increase of acetate, a well-known fermentation product of
anaerobic bacteria, in conjunction with decreased bile acid levels
(Fig. S2). Rafﬁnose was more highly expressed in the GF mouse
colonicmetabotypethaninthatofConv-RmiceatD0,ashasbeen
described previously (6), and decreased during phase 1 of coloni-
zation (Fig. S2). Indeed, rafﬁnose is a nondigestible oligosaccha-
ride which requires the microbial enzyme -galactosidase to ini-
tiate its digestion in the gastrointestinal lumen. Similarly to what
had been previously observed (6), we therefore expected it to be
found in higher concentrations in the GF group than in Conv-R
animals and to monitor its degradation as colonization pro-
gressed. In the kidney, the GF metabolic proﬁle was characterized
byhigherlevelsofosmoprotectants(dimethylamine,betaine,and
scylloinositol) than those in Conv-R controls, as previously ob-
served(6),emphasizingtheconstancyofmetabolicperturbations
in response to the germfree condition across different studies on
the same germfree mouse model. These differences in osmolyte
levels were not evident after 5 days of colonization. Remarkably,
thelivermetabolicproﬁledisplayedalargeincreaseintherelative
concentrations of glucose associated with high levels of glycogen
atD5(Fig.1C).Thisisconsistentwithpreviousobservationsdem-
onstrating that colonization of GF C57BL/6J mice was accompa-
nied by an increase in glucose uptake in the small intestine (8).
This pattern is the signature of the activation of the glycogenesis
pathway.
The second phase was characterized in the liver metabolic ﬁn-
gerprint by relatively high levels of triglycerides which were asso-
ciated in urine with higher concentrations of 2-oxoglutarate and
2-oxoisocaproate (Fig. 1D; see also Fig. S2). These latter metabo-
litesaremarkersofahighermitochondrialactivityandareclosely
relatedtoinsulinsecretioninpancreaticislets(9).Takentogether,
these results emphasize the dramatic changes in energy metabo-
lism triggered by the acclimatization process, characterized by a
metabolic switch from glycogenesis as an early response to colo-
nization to triglyceride synthesis as a later adaptive mechanism,
and corroborate the role of the GM in hepatic triglyceride metab-
olism as recently described (10).
Gutcolonizationaltersbileacidmetaboliteproﬁlesviamod-
ulation of hepatic Cyp8b1 expression. Bile acids are well-known
contributors to glucose and lipid metabolism in the liver (11, 12).
Besides, the GM is known to alter bile metabolism (13), and con-
sequently, a change in the bile acid proﬁle of the GF mice was
expectedduringthecolonizationprocess.Thecontroloftheratio
of cholic acid (CA) to muricholic acid (MCA) in the mouse is of
particular importance since it determines the overall hydropho-
bicityofthebileacidpool,whichregulatescholesterolabsorption
andbiosynthesisintheliver(14,15).Itwasthushypothesizedthat
bile acids might be involved in the observed modiﬁcation of en-
ergy metabolism, but the dynamics of these changes were not
known. The overall hydrophobicity of the bile acid pool is deter-
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classic and the alternative biosynthetic pathways. The former is
activated by sterol 12-hydroxylase (Cyp8b1) to produce the
strongly amphipathic CA, while the latter does not require this
activation step and, in the mouse, leads to the production of the
highly hydrophilic MCA (11). These primary bile acids are then
bothconjugatedtoglycine(minorform)ortaurine(majorform)
before their secretion in bile. To test the above-mentioned hy-
pothesis,wethusexaminedtheratiooftaurocholicacid(TCA)to
tauromuricholic acid (TMCA) in the evolution of the hepatic bile
acid composition. The results were similar to what has been re-
ported in rats (13): the TCA/TMCA ratio was 2:1 in Conv-R mice
and1:1inGFmice(Fig.2A).Afteronly5daysofcolonization,this
ratio was indistinguishable from that observed in Conv-R mice,
indicatingthatbileacidmetabolismadaptsquicklytothepresence
of bacteria in the gut (Fig. 2A).
This observation led us to hypothesize that Cyp8b1, the en-
zyme responsible for the regulation of the TCA/TMCA ratio, was
downregulated in GF animals. We then assessed the mRNA ex-
pression level by quantitative reverse transcription-PCR (qRT-
PCR) of cyp8b1 together with other CYP and nuclear receptors
associated with bile acid metabolism and drug detoxiﬁcation
mechanisms potentially affected by the colonization process. As
hypothesized, this analysis revealed a signiﬁcantly lower expres-
sion of cyp8b1 in GF animals than in conventional controls
(Fig. 2B), and this difference disappeared after 20 days of coloni-
zation(Fig.2C),conﬁrmingtheinvolvementofgutmicrobiotain
cyp8b1 induction and the consecutive regulation of the TCA/
TMCAratio.cyp8b1expression,togetherwiththoseofcyp7a1and
cyp27a1, is known to be regulated by negative feedback of hydro-
phobicbileacidssuchasCA,throughtheactivationofthenuclear
receptor FXR (16). However, no downregulation of cyp7a1 and
FIG1 Gutmicrobiotaacquisition-inducedweightgainismetabolicallyreﬂectedatthehepaticlevel.(A)AveragebodyweightalongacclimatizationinConv-R
(circles)andGF/ex-GF(squares)groups.***,P0.001;**,P0.01;*,P0.05(Student’sttest).Numbersofanimalsareunequal:n35atD0,n28atD5,
n21atD10,n14atD15,andn7atD 20.(B)O-PLSscoresderivedfromthemodelcalculatedfrom600-MHz 1HNMRspectraofliverfromConv-R(pink
orredsymbols)andGF/ex-GF(bluesymbols)miceatalltimepointsusingtimeandaverageweightasYpredictors(twopredictivecomponentsplus3orthogonal
components; Q2Y  0.67, R2Y  0.85, R2X  0.46). Time points: D0 (light squares), D5 (circles), D10 (diamonds), D15 (triangles), and D20 (dark squares). (C)
Coefﬁcient plot related to the discrimination between GF animals at D0 (bottom) and ex-GF animals at D5 (top). (D) Coefﬁcient plot related to the discrimi-
nation between ex-GF animals at D5 (bottom) and ex-GF animals at D20 (top). For panels C and D, metabolites are color coded according to their correlation
coefﬁcient, red indicating a very strong positive correlation (r2  0.7). The direction of the metabolite indicates the group with which it is positively associated
as labeled on the diagram. GPC, glycerophosphocholine; GSH, glutathione.
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over,despitethesigniﬁcantoverexpressionofFXRinex-germfree
mice compared to Conv-R animals at D20, neither cyp8b1 nor
cyp7a1 and cyp27a1 were downregulated. These results illustrate
the complexity of cyp8b1 regulation by GM. These observations
are consistent with recently published reviews that discuss the
complexregulationofbileacidmetabolism(11,17).Interestingly,
suppression of cyp8b1 expression in the mouse liver results in a
lower absorption of fatty acids and total cholesterol (11), and
therefore,thismechanismofupregulationbyGMmayparticipate
intheresistanceofGFmicetoobesityinducedbyaWestern-style
diet (18).
Gutcolonizationstronglyinﬂuencesendogenousxenobiotic
detoxiﬁcation metabolism. The GM is also known to exert a
strong inﬂuence on the metabolism of xenobiotics (19). The
quantitative RT-PCR analysis revealed that cyp3a11 and cyp2c29
mRNAexpressionlevelsweresigniﬁcantlyreducedinGFanimals
(D0) (Fig. 2B), whereas, at D20, these two CYPs were not signiﬁ-
cantly downregulated anymore.
Inordertotesttheconsequenceofthedownregulationofthese
CYPs at a more physiological level, the oxidative metabolism of
[4-14C]testosteroneinlivermicrosomeswasmeasuredasareﬂec-
tion of the global ability of these enzymes to metabolize sterol
compounds. This analysis showed that 6- and 16-hydroxylase
activities, which are speciﬁc activities of Cyp3a11 and Cyp2c29,
respectively, were signiﬁcantly reduced at D0 in GF animals
(Fig. 2D). Although mRNA expression levels of cyp3a11 in ex-GF
animals were indistinguishable from those of Conv-R mice after
20 days of colonization (Fig. 2C), the speciﬁc activity of Cyp3a11
(6-hydroxylase) was still signiﬁcantly lower in the ex-GF group
at D20, while the 16-hydroxylase activity (Cyp2c29) was no
longer different from conventional levels (Fig. 2C). This indicates
thatCyp3a11exhibitedaslowerresponsetothecolonizationpro-
cess. In agreement with these results, an overexpression of CAR
andPXR,the“xenobioticsensors,”whichareknowntoinducethe
expression of cyp3a11 in the mouse (20), was observed at D20 in
ex-GF mice (Fig. 2C).
A recently published study assessing the hepatic mRNA levels
of some CYPs and transporters in Conv-R and GF IQI mice
showed signiﬁcantly reduced expression levels of cyp1a2 and
cyp3a11 in GF animals (21). Although we did not observe any
reduction in cyp1a2 expression levels in our investigation, this
indicates that the downregulation of cyp3a11 in GF mice is not
strain speciﬁc and is encountered in at least two different GF
strains. This ﬁnding is of crucial importance since the 6-
hydroxylaseactivity,performedinhumansbyCYP3A4,isrespon-
sible for the oxidation of almost 50% of the drugs known to un-
dergo oxidative metabolism in humans (22). Altogether, these
results support the core role of the GM in the stimulation of en-
dogenous xenobiotic detoxiﬁcation pathways.
Chronology of microbiota establishment over the gut colo-
nization process. All the animals included in this study were
housed in the same closed room isolated from any other animal
and beneﬁtting from their own ﬁltered ventilation. As a conse-
quence,thegermfreemiceacquiredaconsistentﬂoraasshownby
the reproducibility of colonization among animals housed in the
same or separate cages, as shown on the denaturing gradient gel
electrophoresis(DGGE)assaysperformedatD5andD20(Fig.S5).
Microbiotaproﬁlingwasperformedinordertounderstandthe
chronology of microbial colonization and the potential inﬂuence
ofmicrobiotaonhostmetabolism.Thiswasachievedbysequenc-
ing the variable regions V1-V2 and V4 of the DNA coding for 16S
rRNA extracted from fecal samples at 4 time points (D1,D 3,D 5,
andD20)inbothgroups.Overall,thegutmicrobiotaecosystemin
ex-GF animals was not identical to that in conventional animals
even after 20 days of colonization (Fig. 3). Additionally, ex-GF
mice exhibited a lower level of gut microbial complexity than did
conventional animals (Fig. 3A).
The conventional gut microbial ecosystem of these C3H mice
sampled at adulthood was composed mainly of Lachnospiraceae
FIG2 GutmicrobiotainﬂuencescytochromeP450expressionandactivityin
liver microsomes. (A) Relative quantiﬁcation of TCA over TMCA in bile over
the acclimatization process. (B) mRNA expression levels of CYPs and nuclear
receptorsinGFmousemicrosomesatD0expressedrelativetothoseofConv-R
animals (orange line). (C) mRNA expression levels of selected CYPs and nu-
clear receptors in ex-GF mouse microsomes at D20 expressed relative to those
ofConv-Ranimals(orangeline).(D)Proﬁleofoxidizedmetabolitesoftestos-
terone in liver microsomes after 30 min of incubation. Data are means 
standard errors of the means. Symbols: light pink bars, Conv-R animals at D0;
light blue bars, GF animals at D0; dark red bars, Conv-R animals at D20; dark
blue bars, ex-GF animals at D20.* ,P  0.05 (Student’s t test).
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Lactobacillales, phylum Firmicutes), and Porphyromonadaceae
(orderBacteroidales,phylumBacteroidetes)andalargeproportion
ofbacteriayetunclassiﬁedatthefamilylevel.Atthephylumlevel,
these observations are consistent with previous studies where Fir-
micutes and Bacteroidetes dominate the mouse gut microbial eco-
system (23). However, at the family level, our analysis of the C3H
mousemicrobiotadiffersfromothermousestudies.Forinstance,
comparedtoastudyperformedonFvBmice,C3Hdidnotdisplay
Clostridiaceae within the order Clostridiales but Lachnospiraceae
(24). Similarly, FvB animals exhibited a dominance of the Bacte-
roidaceae family within the order Bacteroidales, while C3H mice
weredominatedbythePorphyromonadaceaefamily(24).Thislast
difference is probably due to a divergence in the technology since
Porphyromonadaceae are poorly detected by sequencing of only
theV1-V2region.Heretheyweredetectedfromthesequencingof
theV4regionincomplementtotheV1-V2region.Thisillustrates
the difﬁculty of comparing studies that use different sets of prim-
ers or sequences of different regions. Nevertheless, it shows the
importance of analyzing the dynamics of the GM at a lower phy-
logenic level, as the phylum level potentially hides more subtle
variations in this ecosystem.
Enterococcaceae, Enterobacteriaceae, Lactobacillaceae, Erysip-
elotrichaceae, and Peptostreptococcaceae were the ﬁrst bacterial
families to settle in the intestine after exposure to the local envi-
ronment. These are all facultative anaerobic bacteria (with the
exception of Peptostreptococcaceae, which are strict anaerobes)
and show a pattern of bacterial colonization (i.e., Gram-positive
cocci, lactobacilli, and enterobacteria) similar to the one previ-
ously observed in neonates (25). The Enterococcaceae subse-
quently disappeared rapidly, whereas another family of Firmi-
cutes, the Lachnospiraceae, became the dominant member of this
dynamic ecosystem from D3 (Fig. 3B). Verrucomicrobiaceae (phy-
lumVerrucomicrobia)alsoappearedatD3andremainedrelatively
stableuntilD20.AtD 5,Lachnospiraceaerepresentedagreaterpro-
portion than did other families, such as the Lactobacillaceae. Ru-
minococcaceae represented a small proportion of the total com-
munity at D5, and Porphyromonadaceae (phylum Bacteroidetes)
were found only at D20 in newly conventionalized animals. Other
bacterial families present in conventional animals, such as
Anaeroplasmataceae (phylum Tenericutes) (1%), were never es-
tablished signiﬁcantly in ex-GF animals over 20 days of coloniza-
tion. Note that other families and unclassiﬁed sequences repre-
sentedahighpercentageoftheconventionalgutmicrobiotawhile
these were minor in ex-GF animals. This suggests that bacteria
that are highly demanding in terms of culture requirements are
underrepresented in databases.
Integrationofmicrobiotaestablishmentandhepaticmetab-
olism discloses a link between Coriobacteriaceae and energy
metabolism. In order to evaluate the associations between the
hepatic metabolism and the GM described at taxonomic levels or
by the DNA sequences coding for 16S rRNA (V1-V2 and V4)
grouped into operational taxonomic units (OTUs), we used an
O-PLS-based integration method as described in Materials and
Methods. Conventional and ex-GF microbial data obtained at D5
andD20werepooledandﬁlteredtokeeponlyvariablesdetectedin
at least 75% of individuals within a group, and these were used as
predictors. In addition, a multivariate adjustment was completed
to remove the inﬂuence of time. Regression models of hepatic
metabolic proﬁles (1H NMR spectra, n  26) on each taxonomic
level (21 models) and OTUs (54 models) were computed. Signif-
icant correlations between bacteria and hepatic levels of triglycer-
ides,glycogen,andglucosearepresented(Fig.4;seealsoFig.S3in
thesupplementalmaterial).Thesamestrategywasrepeatedusing
CYPactivitiesasdependentvariablesinsteadofNMRspectra(n
25) (Fig. S4).
Two bacterial phyla (Actinobacteria and Tenericutes) were sig-
niﬁcantly predicted by the liver metabolic proﬁles and were both
associatedwithhighhepaticlevelsoftriglyceridesandlowhepatic
levelsofglycogenandglucose(Fig.S3).Thepositivecorrelationof
Tenericutes (class Mollicutes) with hepatic triglycerides seems to
supportpreviousworkwhichshowedthatthesebacteriabloomed
anddominatedthegutecosysteminanobesemousemodelfedon
a high-fat/high-sugar diet (23). However, the sequences observed
at this time by Gordon’s team were further reclassiﬁed into the
Clostridiales. Therefore, this observation of an association be-
tween Tenericutes (class Mollicutes) and hepatic triglycerides con-
stitutes a new ﬁnding. In addition, the strongest correlation be-
tween bacteria and hepatic triglycerides was observed for
Actinobacteria of the family Coriobacteriaceae (Fig. S3). The cor-
relation analysis computed between hepatic metabolic proﬁles
and bacteria classiﬁed in OTUs conﬁrmed the connection be-
tween the Coriobacteriaceae and hepatic triglycerides, glycogen,
and glucose, as 2 of the most strongly correlated OTUs (Egger-
thella lenta and Eggerthella hongkongensis, 80% and 90% identity,
respectively)belongedtotheCoriobacteriaceaefamily(Fig.4).Al-
though these bacteria were not detected in ex-GF animals, other
correlated bacteria may participate in the metabolic shift de-
scribed in this group over the colonization process. Recently, a
study performed on hamsters reported a strong correlation be-
tween unidentiﬁed bacteria of the Coriobacteriaceae family and
non-high-density-lipoprotein (non-HDL) plasma cholesterol
when the metabolism was challenged using grain sorghum lipid
extract to improve the HDL/non-HDL ratio (26). In the same
study, the authors hypothesized the existence of a link between
non-BiﬁdobacteriummembersoftheCoriobacteriaceaefamilyand
FIG 3 Gut microbiota establishment. (A) Phylogenetic trees illustrating the
increasingcomplexityingutmicrobiotainex-GFanimalsatD5andD20andin
Conv-RmiceatD20.(B)Thefamily-levelcompositionofthegutmicrobiotain
ex-GFanimalsatD1,D 3,D 5,andD20andinConv-RmiceatD20.Thisanalysis
was computed using both V1-V2 and V4 regions. Abbreviations: B, Bacte-
roidetes;F ,Firmicutes;P ,Proteobacteria;T ,Tenericutes;V ,Verrucomicrobia.
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linkbetweenthisfamilyofbacteriaandthehostlipidmetabolism,
inadifferentspecies(i.e.,themouse)andinconventionalanimals
fed a conventional diet, while this link was not observed in con-
ventionally fed hamsters (26), which emphasizes that these two
studies are highly complementary. Furthermore, the O-PLS-
based integration approach revealed a positive correlation be-
tween Eggerthella hongkongensis and the testosterone 6- and 2-
hydroxylase activity in hepatic microsomes, together with many
other bacteria (Fig. S4B). The remarkable correlation pattern of
both6-and2-hydroxymetabolitesisthesignatureofCyp3a11
activity (27, 28) (Fig. S4B), underlining the involvement of the
GM in the stimulation of drug metabolism. Note that the minor
metabolite of Cyp3a11, 2-hydroxytestosterone, was not signiﬁ-
cantly affected by the colonization process (Fig. 2D), which re-
ﬂects the fact that only 6-hydroxylase is a speciﬁc activity of
Cyp3a11. Altogether, these results suggested that the family Cori-
obacteriaceae,andparticularlythegenusEggerthella,mightalsobe
involved in the stimulation of a major hepatic detoxiﬁcation ac-
tivity. Interestingly, bacteria of the Coriobacteriaceae family were
intheminorityinconventionalmice,representingapproximately
1% of the total number of detected microorganisms. This exem-
pliﬁes the possibility that bacteria in low proportions in the gut
microbial ecosystem might be of extreme importance for the host
metabolism and should therefore not be neglected in research.
Although we have to be extremely careful in terms of extrapola-
tion to humans, it is noteworthy that non-Biﬁdobacterium mem-
bers of the Coriobacteriaceae family are in large proportion in the
human gut (29). These ﬁndings therefore underline the impor-
tanceofcontinuingtheresearchonthelinkbetweenthisfamilyof
bacteriaandthehostlipidmetabolism,especiallyinthecontextof
the ever-growing worldwide obesity epidemic and associated car-
diovascular diseases.
Finally, the correlation of OTUs with hepatic metabolism re-
vealed a strong positive association between hepatic triglycerides
and a cluster of sequences attributed to Lactobacillus gasseri (98%
identity) (Fig. 4). No correlation was found between the presence
of Coriobacteriaceae and Lactobacillus gasseri (r2  0.05), suggest-
ing that the association between this bacterium and the triglycer-
ides cannot be attributed to the stabilization of one bacterium by
the other. This observation is not in accordance with the litera-
ture. This bacterium has been reported to be hypoglycemic and
hypocholesterolemicindb/dbmiceandhypercholesterolemicrats
(30, 31). It has also been shown that skim milk fermented by
L.gasserireducesmesentericadiposetissueweight,adipocytesize,
and serum leptin concentration in rats (32). It is worth mention-
ing that a recently published work raised the hypothesis of Lacto-
bacillus involvement in body weight gain in patients treated with
vancomycin, an antibiotic that selects lactobacilli (33).
In conclusion, we present here the ﬁrst attempt at integrating
in vivo dynamic gut microbial data over the colonization process
with the adaptive mechanisms of the host characterized by its
multicompartmental metabolic ﬁngerprint and a range of crucial
CYPs involved in drug metabolism. This systems biology ap-
proach highlights the essential role of the GM in the energy me-
tabolism of the host through the association of speciﬁc clusters of
bacteria, such as the Coriobacteriaceae, and the hepatic levels of
triglycerides, glucose, and glycogen. These bacteria were also
strongly correlated with the speciﬁc activity of Cyp3a11, suggest-
ing also an important potential impact on the stimulation of en-
dogenous drug metabolism. These results thus provide new in-
sights into the fundamental mechanisms that regulate host-gut
microbiota interactions and provide a basis to further develop
novel strategies in the alteration of this relationship in order to
beneﬁcially modulate the host metabolism.
MATERIALS AND METHODS
Animal handling and experimental design. All investigations were con-
ducted according to Swiss ethical legislation on animal experimentation,
and the protocol was approved by the Veterinary Ofﬁce of the canton of
Vaud.Thisparallelexperimentinvolvedtwogroupsof35C3H/Orlfemale
miceaged8weeks(CharlesRiver,France).Onegroupwasconventionally
raised (pathogen-free Conv-R control), and the other was raised in a
germfree environment (maintained in isolators). Throughout the dura-
tion of the study, water and food (R03-10) were gamma irradiated and
provided ad libitum to both groups.
The day before starting the experiment (D0), seven mice from each
groupwereeuthanizedbydecapitationinordertocollectallcontrolsam-
ples (urine, plasma, feces, liver, kidney cortex, and proximal colon). To
preserve enzymatic activity, liver was rinsed by perfusion of 5 ml of cold
NaCl solution through the hepatic portal vein and gall bladder was care-
fully removed. Intestinal sections were also ﬂushed with cold NaCl solu-
FIG4 Correlation heat map between bacteria classiﬁed in OTUs (using both
V1-V2 and V4 regions) and hepatic energy metabolism. Each OTU is de-
scribedbythebestmatchingtypestrainandsequenceidentitycutoff(seeText
S1 in the supplemental material for details). TGs, triglycerides.
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for bioﬂuids and 80°C for tissues until analysis.
On the ﬁrst day of the experiment, all germfree (GF) animals were
taken out of isolators and housed in the same environment as Conv-R
animals,withbeddingthatwaspreviouslyusedbyConv-Rmicefor3days
inordertoexposethegermfreemicetothesamebacterialecosystemasthe
Conv-R group. Then, every 5 days for 20 days (D5,D 10,D 15, and D20), 7
mice from each group were sacriﬁced and samples were collected as out-
lined above.
Sample preparation. Thirty microliters of urine samples was mixed
with 20 l of phosphate buffer made up in 95% D2O containing 0.1%
deuterated 3-(trimethylsilyl)propionic acid (TSP) (pH 7.4) before being
placed in 1.7-mm capillary tubes for NMR analysis. The polar phase of
extracts of kidney cortex, proximal colon, and plasma samples was ex-
tracted as described in Text S1 in the supplemental material.
NMR spectroscopy. 1H NMR spectra of bioﬂuids and tissues were
acquired as previously described (6). More details can be found in the
supplemental material.
Measurement of relative concentrations of bile acids in bile. Bile
acids were measured using an ultraperformance liquid chromatography
(UPLC) system (UPLC Acquity; Waters Ltd., Elstree, United Kingdom)
coupledonlinetoanLCTPremiertime-of-ﬂightmassspectrometer(Wa-
ters MS Technologies, Ltd., Manchester, United Kingdom).
Five microliters of bile samples diluted by a factor of 50 in H2O was
injected onto a 2.1- by 100-mm (1.7-m) HSS T3 Acquity column (Wa-
ters Corporation, Milford, MA) and eluted at a ﬂow rate of 500 l/min
using a 20-min gradient of 100% A to 100% B (A  water, 0.1% formic
acid; B  methanol, 0.1% formic acid). As bile acids ionize strongly in
negative mode, producing a prominent [M-H] ion, samples were ana-
lyzedinnegativeelectrospraymodeusingascanrangeof50to1,000m/z.
The capillary voltage was 2.4 kV, the sample cone was 35 V, the desolva-
tion temperature was 350°C, the source temperature was 120°C, and the
desolvation gas ﬂow was 900 liters/h. The LCT Premier spectrometer was
operatedinVopticsmode,withadataacquisitionrateof0.1sanda0.01-s
interscan delay. Leucine enkephalin (m/z, 556.2771) was used as the lock
mass;asolutionof200pg/l(50:50acetonitrile[ACN]/H2O)wasinfused
into the instrument at 5 l/min via an auxiliary sprayer. Data were col-
lected in centroid mode with a scan range of 50 to 1,000 m/z, with lock
massscanscollectedevery15sandaveragedover3scanstoperformmass
correction. The system was calibrated before data acquisition using a so-
lution of sodium formate.
Assessment of cytochrome P450 global activity on steroid metabo-
lism.HepaticmicrosomalfractionswerepreparedasdescribedinTextS1
in the supplemental material. The protein concentration of the microso-
malfractionwasdeterminedaccordingtothemethodofLowryetal.(34).
ThecytochromeP450amountinthemicrosomalfractionswasassessedin
a Kontron dual-wavelength spectrophotometer according to the method
described by Omura and Sato (35). Testosterone hydroxylation activities
were measured from incubation of liver microsomes using a method de-
rived from that previously described by Waxman (27). Quantiﬁcation of
testosterone hydroxylation activities was achieved by radio-high-
pressure-liquid-chromatography(radio-HPLC)detectionasdescribedin
Text S1 in the supplemental material.
Details regarding quantitative RT-PCR of mRNA extracted from liver
samples and microbial proﬁling are given in the supplemental material.
Multivariate data analysis. All 1H NMR proﬁles (from multiple tis-
suesandbioﬂuidsamples)weremeancenteredandscaledtounitvariance
priortoanalysisusingMatlabsoftwareversionR2009a(MathWorks).All
O-PLS-derived models were evaluated for goodness of prediction (Q2Y
value) using 7-fold cross-validation.
1HNMRproﬁlesofliver,kidney,colon,urine,andplasmametabolites
were analyzed by O-PLS methods (7). 1H NMR data were used as inde-
pendentvariables(Xmatrix)formodelingoftimeandaveragetotalbody
weight per group (Y predictors) (Fig. 1; see also Fig. S1). Models were
calculatedusingtwopredictivecomponentsandupto5orthogonalcom-
ponents.
Effects of time and colonization in 1H NMR data of all investigated
biological matrices were then explored by O-PLS discriminant analysis
(DA) (pairwise comparisons), where each data matrix was regressed
against a dummy matrix indicating the class of samples (Conv-R and
GF/ex-GF or time point) (Fig. S2).
Prediction of the presence of bacterial family (using the sum of the
dataobtainedforV1-V2andV4regions)byeitherhepatic 1HNMR-based
metabolic proﬁle (Fig. 4; see also Fig. S3) or CYP activities (Fig. S4) for
Conv-R and ex-GF animals pooled at D5 and D20 (X matrix) was per-
formed by O-PLS. Microbial data were ﬁltered so that only bacteria de-
tectedinatleast75%ofanimalspergroupwereincludedinmodels.Each
modelusesasinglecomponenttopredicttheintensityofdetectionofeach
bacterium (Y predictors). Signiﬁcance of models (  0.05) was tested
using 1,000 random permutations, and a P value was calculated by rank
determination of the model actual Q2Y value among the Q2Y values cal-
culated for the permutated models. Correlation coefﬁcients extracted
from signiﬁcant models were ﬁltered so that only signiﬁcant correlations
abovethethresholddeﬁnedbyPearson’scriticalcorrelationcoefﬁcient(P
 0.05; r2  0.33809 when n  26, and r2  0.3882 when n  25) are
displayed. Correlations between taxonomic levels or OTUs and hepatic
energy metabolism were computed for triglycerides, glycogen, and glu-
cose at  5.31,  5.41, and  5.22, respectively.
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